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Abstract. Thaumasite was found in zoned calcic skarns hosted by the monzonitic rocks of the Zvezdel pluton, Eastern 
Rhodopes. Associated minerals are wollastonite, clinopyroxene, grossular-andradite garnets, Ti-rich garnets, plagio-
clase, calcite, quartz, epidote, prehnite, and chlorite. Titanite, apatite and magnetite are present as accessories. The 
mineral has been characterized using optical microscopy, PXRD, SEM/EDS, EPMA, and FTIR. Thaumasite forms 
sheaf-like and fan-shaped aggregates, which consist of acicular crystals elongated along the c axis. The IR spectrum of 
thaumasite is in accordance with the chemical composition and contains absorption bands in the range 3500–3291 cm–1  
(O–H stretching vibrations); 1683, 1650 cm–1 (bending vibrations of H2O); 1389 cm–1 (stretching vibrations of CO3

2–); 
1100, 1069 cm–1 (asymmetric stretching vibrations of SO4

2–); 882 cm–1 (symmetric bending vibration of CO3
2–); 768, 

742, 680 cm–1 (Si–O stretching vibrations of Si(OH)6 octahedra); 670 cm–1 (bending vibrations of SO4
2–).
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Introduction

Thaumasite, with a theoretical formula Ca3Si(OH)6 
(CO3)(SO4).12H2O, occurs as a low-temperature 
secondary-alteration mineral in some sulphide ore 
deposits, in contact metamorphic zones, in basalts 
and tuffs. The mineral belongs to the ettringite 
group represented by hydrated calcium sulphates 
and carbonate-sulphates. Its name is derived from 
the Greek thaumasion meaning to be surprised, be-
cause of its remarkable composition, without paral-
lel at the time of its discovery. Thaumasite is the 
only known mineral, containing silicon in six-coor-
dination with hydroxyl (OH)− groups that is stable 
at low P-T conditions (Edge, Taylor, 1971; Lewan-
dowska, Rospondek, 2002; Jacobsen et al., 2003). 
The crystal structure is composed of columnar units 
[Ca3Si(OH)6.12H2O]4+ oriented along the c axis of 
the hexagonal lattice (space group P63). Intercol-
umn channels are occupied by charge-balancing an-

ions SO4
2–, CO3

2– and H2O molecules (Edge, Taylor, 
1971; Effenberger et al., 1983; Pöllmann et al., 1989; 
Martucci, Cruciani, 2006; Gatta et al., 2012). Usu-
ally, it is associated with zeolites, apophyllite, calcite, 
gypsum, and pyrite. Thaumasite often forms a solid 
solution with ettringite, Ca6Al2(SO4)3(OH)12∙26H2O 
(Barnett et al., 2000). Both minerals play an impor-
tant role in cement and concrete compositions as they 
are formed in the porous matrix of aging concrete, 
especially in contact with sulphate-rich fluids (Cram-
mond, 1985). The formation of thaumasite results 
in a rapid and serious deterioration of cements, con-
cretes, mortars and renders in various environments 
(e. g. Sims, Huntley, 2004; Torres et al., 2006; Rod-
rigues et al., 2012). The considerable interest in this 
problem is due to the wide use of Portland cement 
in hydraulic buildings and also in the restoration of 
historical monuments (Collepardi, 1999), where fluid 
cement mortars are often injected in order to consoli-
date old stonework. 
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In Bulgaria, thaumasite was first described from 
the Iglika skarn deposit, Elhovo district (Kostov 
et al., 1964; Kirov, Poulieff, 1968; Kostova et al., 
2021), where the mineral forms veins in monticel-
lite skarns (Ivanova-Panayotova, Kanazirski, 1995). 
A main feature of this deposit is the presence of early 
magnesian skarns from the magmatic stage and post-
magmatic calcic skarns. Later, thaumasite was also 
reported from the Rila Mountain (in the area of Ma-
lyovitsa, near to the peaks Orlovets and Petlite) in 
association with chabazite, mesolite, stilbite, phlogo-
pite, and zoisite (Petrusenko, 2018; 2022).

The major objective of the present work is to 
provide the mineralogical and chemical characteris-
tics of thaumasite, which was found in calcic skarns 
at the Zvezdel-Pcheloyad Pb-Zn deposit. We also 
aim to find out more about the mechanism of thau-
masite formation and to evaluate the conditions of 
the late skarn retrograde processes.

Geological background
Skarn xenoliths were found in the mine gallery 
No 68 from the Zvezdel-Pcheloyad Pb-Zn deposit. 
They are hosted by monzonitic rocks of the second 
intrusive phase of the Zvezdel pluton, which is the 
biggest monzonitic intrusion in the Bulgarian part of 
the Eastern Rhodopes (Nedialkov, Mavroudchiev, 
1995). According to mineral assemblages two main 
stages of the skarn-forming processes have been 
distinguished – magmatic and postmagmatic one. 
The magmatic stage is represented by high-tem-
perature calcic skarns composed of melilite (with 
major components: gehlenite – up to 62 mol%, and 
åkermanite – up to 40 mol%), subsilicic aluminian 
ferrian diopside (with major components: esseneite 
(CaFe3+AlSiO6) – up to 54 mol%, Ca-Tschermak 
(CaAlAlSiO6) – up to 19 mol%, and diopside-
hedenbergite – up to 50 mol%), and wollastonite-
2M (I generation) (Tzvetanova, 2015). The products 
of this stage are subsequently overprinted by anhy-
drous metasomatic assemblages of the postmagmat-
ic stage: Ti-rich garnets (TiO2 content of 8–13 wt%), 
garnets of the grossular–andradite series (Adr96.6–3.1), 
subsilicic aluminian ferrian diopside (II generation), 
clinopyroxene of the diopside–hedenbergite series 
(Di91.2–27.1), wollastonite-2M (II generation), plagio-
clase (Ab100–3), and epidote. Titanite, apatite, and 
magnetite are present as accessory minerals. The 
skarns of this stage are zoned, forming bands less 
than 20 cm in width. Based on mineral paragenesis 
the following zones are determined from the proxi-
mal parts of the xenoliths towards the contact with 
the monzonitic rock: garnet, clinopyroxene-garnet, 
plagioclase-clinopyroxene-wollastonite-garnet, pla-
gioclase-clinopyroxene-wollastonite, plagioclase- 
clinopyroxene-wollastonite-epidote, and plagio-

clase-clinopyroxene. The mineral assemblage as-
sociated with final stage of hydrothermal activity 
(retrograde processes) is dominated by late epidote, 
prehnite, quartz, calcite, chlorite, thaumasite, gyp-
sum, and zeolites. Thaumasite occurs only in the 
plagioclase-clinopyroxene-wollastonite-garnet 
zone. This zone represents highly hydrothermally 
altered skarns from the contact between exo- and 
endoskarns (Fig. 1a) (Tzvetanova, 2015).

Analytical methods
Polished thin sections were prepared for examina-
tion under optical polarizing microscope – Leitz 
Orthoplan. Step-scan powder X-ray diffraction data 
was collected over a range of 4–80° 2θ with CuKα 
radiation on D2 Phaser – Bruker AXS diffractom-
eter operated at 30 kV and 10 mA with a step size 
of 0.02 2θ and a counting time of 4 s/step. Electron 
probe microanalyses and back-scattered electron im-
ages were performed using a Carl Zeiss SMT SEM 
EVO LS25 scanning electron microscope equipped 
with an EDAX Trident system at 16 kV accelerating 
voltage, about 1 nA beam current, using reference 
standards. Infrared spectra were obtained at ambient 
temperature in a range of 400–4000 cm–1 on a Bruk-
er FT-IR spectrometer Tensor 37 with HYPERION 
2000 FT-IR microscope in reflectance mode from 
polished sections. Thermo-gravimetric analyses 
(TG) were carried out on a SETSYS2400 thermal 
analyzer (SETARAM, France), coupled with Om-
niStar mass-spectrometer in the temperature range: 
room temperature – 1000 °C, in air medium, with a 
heating rate of 10 °C min–1. 

Results and discussion
Thaumasite forms colourless sheaf-like and fan-
shaped fibrous aggregates of subparallel clusters, 
which consist of acicular crystals elongated along 
the c axis that are curved and split (Fig. 1b–f). The 
mineral is optically uniaxial, negative with birefrin-
gence ~0.04 (Fig. 1b–f). It fills cavities or the inter-
stitial space between silicate minerals (Fig. 1i–k). 
The powder X-ray diffraction pattern and the phase 
composition of thaumasite-bearing plagioclase-
clinopyroxene-wollastonite-garnet skarn are shown 
in Figure 1g. The crystal structure data of thauma-
site, reported by Gatta et al. (2012), has been used to 
perform the phase identification in this study.

Eight electron probe microanalyses for Ca, Mg, 
Fe, Al, Si, and S were carried out. The average compo-
sition of the studied thaumasite is: SiO2 – 11.32 wt%,  
CaO – 26.19 wt%, SO3 – 12.56, Al2O3 – 1.02, MgO 
– 0.27, FeO – 0.18. Both H2O and CO2 contents were 
determined by thermo-gravimetric analysis. The ex-
periment was conducted up to 1000 °C. The thermal 
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Fig. 1. a, Hand specimen of thaumasite-bearing plagioclase-clinopyroxene-wollastonite-garnet skarn; b–f, sheaf-like and fan-
shaped fibrous thaumasite aggregates of subparallel clusters, which consist of acicular crystals elongated along the c axis with 
typical interference colours (under crossed polarized transmitted light); g, powder X-ray diffraction pattern of thaumasite-bearing 
plagioclase-clinopyroxene-wollastonite-garnet skarn; h, the positions of absorption bands in the IR spectrum of thaumasite; i–k, 
back-scattered electron images of thaumasite filling cavities or the interstitial space between silicate minerals (polished section). 
Abbreviations: Thau, thaumasite; Wo, wollastonite; Grt, garnet.

decomposition within the temperature range studied 
includes stages of dehydration with ~40.10% mass 
losses and decarbonation with ~6.95% mass losses, 
which are close to the theoretical amount of H2O 

and CO2 expected in thaumasite (i.e., ~42.57 wt% 
for H2O and ~6.99 wt% CO2). The content of  
~1 wt% Al2O3 suggests the presence of ettringite 
end member (~8% ettringite component). According  
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to Carpenter (1963) “the refractive indices of thauma-
site associated with ettringite are lower than in speci-
mens in which ettringite is absent”. 

The positions of absorption bands in the IR spec-
trum of thaumasite (Fig. 1h) and their assignments are 
as follows: 3500, 3464, 3345, 3291 cm–1 (O–H stretch-
ing vibrations of H2O molecules and OH groups); 
1683, 1650 cm–1 (bending vibrations of H2O mol-
ecules); 1389 cm–1 (stretching vibrations of CO3

2– ani-
ons); 1100, 1069 cm–1 (asymmetric stretching vibra-
tions of SO4

2– anions); 882 cm–1 (symmetric bending 
vibration of CO3

2– anions); 768, 742, 680 cm–1 (Si–O 
stretching vibrations of Si(OH)6 octahedra); 670 cm–1 
(bending vibrations of SO4

2– anions). The splitting of 
the H–O–H bending band with maxima at 1683, 1650 
and 1581 cm–1, in the IR spectrum of thaumasite re-
flects the presence of locally non-equivalent H2O mol-
ecules (Lewandowska, Rospondek, 2002; Chukanov 
et al., 2012). The splitting of the band corresponding 
to the asymmetric stretching vibrations of SO4

2– anions 
into two components with absorption maxima at 1100 
and 1069 cm–1 is caused by resonance interactions be-
tween adjacent sulfate groups (Pekov et al., 2012). The 
exhibited bands of the IR spectrum of thaumasite are 
in accordance with the chemical composition of the 
mineral. The obtained IR spectrum was compared to 
reference spectra from other localities (Lewandowska, 
Rospondek, 2002; Lane, 2007; Chukanov et al., 2012). 

The thaumasite deposition in skarns from the 
Zvezdel-Pcheloyad deposit could be considered as a 
result of the latest retrograde process due to conden-
sation of fluids coming from degassing monzonite 
magma. The occurrence of the mineral, which filled 
numerous interstitial cavities between silicate phases 
appears to be deposited by circulating fluids. The late 
fluids, which produced an intense metasomatism show 
significant fugacity of oxygen, sulphur, and carbon 
dioxide and enrichment in Ca and Si during the low-
temperature stage of the hydrothermal process. The 
presence of sulphate-ion reflects the more oxidized 
nature of the fluids during this latest stage of miner-
alization. The formation of thaumasite only in plagio-
clase-pyroxene-wollastonite-garnet zone suggests that 
this zone is formed at the contact between the carbon-
ate xenoliths and monzonite, which is relatively more 
permeable. The new data provided in the present paper 
will facilitate a possible recognition of thaumasite in 
natural assemblages and cements. Such recognition 
might help in a better understanding of some chemical 
processes, which result in rapid and serious deteriora-
tion of cement and concrete.
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